Dislocation-accumulated grain boundaries were systematically investigated in terms of local atomic coordinates in the vicinity of grain boundary and energetics on grain boundary evolution by first-principles calculations. Detailed numerical analyses of energy and local atomic configuration at a grain boundary with fixed misorientation angle identified the most stable configurations both for the dislocation-distinctive model and the coincident-site-lattice model with kite-shaped structural units on grain boundary planes. The energy profiles of structural optimization using both initial models indicate that the distinctive dislocations at a grain boundary can be readily converted into kite-shaped structural units without noticeable energy barrier, though they look quite different, and reverse conversion may also be realized under external stress, enabling grain boundaries functioning as dislocation sources and sinks. Systematic calculations for grain boundary with misorientation angles ranging from 5.7 to 53.1 revealed that the interaction energy between dislocation is blunted within a dislocation core region. Furthermore, the energy needed to increase the misorientation angle during severe plastic deformation is quantitatively evaluated.
Introduction
Extensive studies on severe plastic deformation (SPD) using various noteworthy techniques, including equal channel angular pressing (ECAP), 1, 2) accumulative roll bonding (ARB), 3, 4) and high pressure torsion (HPT), [5] [6] [7] have revealed that ultra-fine grained (UFG) materials can be realized without changing materials chemistry, just by mechanical processing, which enables for the materials to acquire new mechanical [8] [9] [10] [11] [12] or other properties 13) in addition to conventional properties. The emergence of the new properties is mainly originated from the decrease in grain size or, in other words, the increase in the number of grain boundaries (GBs). Huang et al. reported rather peculiar materials response to external stress which is contrary to the response of conventional materials. 8) It provided a clue as to what happened on the microscopic level, though our understanding is still limited. In addition, inverse relationship to Hall-Petch relation is predicted and it is elucidated by transition from dislocation-driven deformation to grain boundary-driven deformation. [14] [15] [16] These rather peculiar properties, in contrast to conventional materials properties, can be attributed to much finer grain size of UFG than in conventional materials. Furthermore, it is easily expected that UFG materials would acquire new properties other than mechanical properties including transport properties of electron, heat, or atoms, since increased number of GBs modify the transport along or across the GBs.
Efforts have been made to reveal underlying mechanism of the SPD, especially on the microscopic level, in order to understand and then utilize it to optimize the microstructure including grain size. Eckert sorted final grain size of the UFG obtained by ball milling, one of SPD processes, by melting point and bulk modulus of each metal, and claimed that it is determined by the competition between heavy plastic deformation and recovery behavior of materials, and that, once an entirely nanocrystalline structure is achieved, no further refinement of the UFG takes place since deformation is then realized by GB gliding. 17) Mohamed predicted the minimum grain size achievable by ball milling based on a dislocation theory with an analogy to creep deformation. 18) Fecht proposed that the grain subdivision, a microscopic process during SPD that realizes grain refinement, proceeds in three steps, (i) arrays of high density dislocations form shear bands, (ii) the accumulated dislocations create small angle GBs, and (iii) misorientation between neighboring grain across the low angle GBs increases, forming high angle GBs. 19) This has been confirmed by more precise experiments. 20, 21) However, compared with resulting remarkable properties of UFG materials, mechanisms governing formation of UFG is still limited, mainly because what we can observe on the microscopic level in experiment is either before or after the SPD, not during the SPD: Little on microscopic phenomena during the SPD has been clarified so far.
To understand what is happening during the SPD, it is necessary to reveal local atomic coordinates in the vicinity of dislocations or dislocation-accumulated GBs, either by monitoring dynamics or by analyzing static structure at a given moment in a systematic way, i.e., analyzing many snapshots of local atomic coordinates, since dislocation or GB has the dimension of atoms. The former is quite difficult in experiment and no information has been available to the authors' best knowledge. As for the latter, although transmission electron microscopy (TEM) observation enables us to analyze the static structure, preparation of samples for the systematic analysis is practically impossible, since it requires stopping SPD process at any moment in experiment. Besides, local atomic coordinates at dislocation-accumulated
GBs cannot be determined only by macroscopic structural parameters that have five degrees of freedom: three for misorientation of neighboring grains and two for inclination of adjoining planes, 22) and additional microscopic structural parameters that have four more degrees of freedom, three for rigid body translation and one for microscopic position of adjoining plane are needed to fully analyze and understand dislocation-accumulated GBs formed by the SPD. Therefore, also from this viewpoint, dislocation-accumulated GBs needs to be analyzed on the atomic level, which is quite challenging to systematically conduct in experiment. These are impediments to further understanding of the SPD phenomena, thereby further developing the SPD processes to optimize microstructure to obtain desired new properties.
Computational approaches, from electron-level first-principles calculations, atom-level molecular dynamics simulations, dislocation-level discrete dislocation dynamics simulations, to continuum matter-based finite-element method simulations, have exhibited their great capabilities which lead us to further understanding of microscopic phenomena, including those of the SPD, since it enables to monitor microstructural evolution in timely manner, to uncover what is unobservable in experiment, and to reveal fundamental behavior of materials that is being SPDed. It is natural to start with conventional dislocation theory upon analyzing the SPD processes since high density of dislocation is introduced by the SPD. The discrete dislocation dynamics can directly deal with motions of dislocation under external load based on the dislocation theory and thus it would provide physical insight as to how dislocations form shear bands, i.e., at the stage (i) according to Fecht's classification mentioned above. However, one of drawbacks of the dislocation theory itself is that it cannot deal with interaction between dislocations when they approach within dislocation core region where interaction energy or force diverge or at least is not accurate. On the other hand, electron-level and atom-level simulations such as molecular dynamics [23] [24] [25] has no obstacle like this and thus can simulate, for example, accumulation of dislocations leading to formation of low angle GBs at stage (ii) by sacrificing system size of simulation to some extent compared with more macroscopic approaches. Gradual transition from low angle GBs to high angle GBs at stage (iii) can also be simulated by molecular dynamics if an empirical interatomic potential parameter set of good quality that reproduces lattice defects structures and energies is available. Here, the parameter set is necessary to reproduce GB excess energy as well as detailed local atomic coordination with high physical accuracy to reproduce energy penalty even when crystal lattice is variably distorted as in the vicinity of dislocations or GBs. Although good potential sets 26) that reproduces stacking fault energy has been reported and general picture obtained with the potential set is convincing, its applicability to unknown structures like GBs where atomic coordinates greatly differ from those in grain interior is obscure. On the other hands, electron-level first-principles calculations require no empirical parameters other than initial coordinates, the total number of electrons, and atomic numbers of atoms, and optimized structure and energy can be obtained through intrinsically taking into account the presence of any kinds of lattice defects or impurities without any additional parameter, though computational resource needed is much more demanding than molecular dynamics (system size is much smaller). This study aims at analyzing formation of dislocation-accumulated GBs that leads to transition from low angle GBs to high angle GBs in a systematic way. Thus, first-principles calculations are best suited for the purpose since atomic coordination variably changes with increasing misorientation angle at GB and dislocations are very closely positioned from one another at GBs, which also allows us to focus on small sized region of the SPD processes.
In the present study, first principles calculations for many GBs having different microscopic structural parameters have been carried out, at first, to reveal structural and energetical relationship between dislocations and low to high angle GBs in a systematic way. Then, we tried to quantify energy conversion from the SPD processes to the accumulation of dislocation at GBs thereby stabilizing them upon enlargement of misorientation angle at GBs. We chose Al, a typical fcc metal, as a model material since Al is one of the most extensively studied SPDed materials both experimentally and computationally. 1, 2, 6, 16, 20, 21, [27] [28] [29] [30] [31] [32] [33] [34] This paper is composed as follows: After explaining computational details in the next section, dependence of GB excess energy on microscopic structural parameter of GB is quantified and relationship between dislocations and GBs is discussed. It is followed by quantification of interaction energy between dislocations at GB and deviation from theory of elasticity is discussed. Finally, energy needed for gradual transition from low angle GB to high angle GB is quantitatively evaluated before conclusion.
Computational Procedure
This study is focused on symmetric tilt GBs or their asymmetric deviations for simplicity: Compared with socalled random grain boundary generally found in samples, the GBs studied in this study generally have rather coherent structure which enables to identify dislocations at GB if they are present, and thus have smaller GB excess energy. Since first principles calculations are computationally expensive, especially for a systematic study, [001] was chosen as a rotation axis for two neighboring grains since it enables to study wider range of misorientation angle due to much smaller periodicity along the axis along GB plane than for [011] rotation axis which is usually found in experiment; with the same number of atoms in a supercell, much smaller misorientation angle can be dealt with. This is equivalent to assume that general trend found in this study can be applied to GBs with [011] rotation axis, which is plausible. Figure 1 shows two types of supercells of GBs with misorientation angle of 2 ¼ 14:2
. It should be noted that macroscopic structural parameters of GBs in these two models are identical. The one shown in Fig. 1(a) is symmetric tilt grain boundary and it is built based on coincident site lattice (CSL) theory. 35) In this model (hereafter it is referred to as CSL model), two grains are positioned symmetrically and two atoms per a GB plane are superposed to form CSL lattice (since there are two planes, (001) and (002) planes, in fcc unit). This CSL model has microscopic degrees of 52 M. Yoshiya and H. Yoshizu freedom perpendicularly to the GB plane, which will be addressed in the following section. In the other model, one grain is shifted along a GB plane (hereafter this model is referred to as Glide model). The amount of shift is a microscopic degree of freedom and will be addressed in the following section. In this Glide model, dislocations are readily visible while rearrangement of atoms is needed to identify dislocations in the CSL model. As long as an adjoining plane is flat, tilt GB can be classified into either one of the two models. After identifying the most stable CSL model and the most stable Glide model for a given misorientation and trying to generalize the findings about a specific misorientation to other misorientations by studying a few more misorientations, both CSL models and Glide models with the most stable atomic coordinations were prepared for wide spectrum of misorientations with 2 ranging from 5.7 to 53.1 , covering low angle GB to high angle GB. Since preliminary calculations showed interactions between two GBs in a supercell is negligible when the distance between GBs are greater than 2.25 nm, crystal slabs of ca. 2.25 nm in length perpendicular to GB plane were placed in supercells of both models, independent of misorientation angle. To avoid complexity in the calculation for the Glide models due to too close interatomic distances, two grains at a GB were separated by 0.2 nm in initial structures. Preliminary calculations revealed that the magnitude of separation did not affect optimized structures and energies.
In this study, first-principles pseudopotential calculations with projector augmented wave (PAW) method 36) using VASP code 37, 38) have been carried out to obtain local atomic coordinates in the vicinity of dislocation-accumulated GBs and to evaluate GB excess energy which accounts for formation and interaction energy between dislocations at GBs. Convergence of total energy with respect to plane wave cutoff energy, Monkhorst-Pack mesh for k-point sampling, 39) and grid for fast Fourier transformation was confirmed by preliminary calculations to ensure error due to these were within a few meV per atom. Generalized gradient correction approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof 40, 41) was used for exchange-correlation term. All the atomic coordinates as well as lattice constants were optimized to minimize total energy of a supercell in the course of the calculation. GB excess energy was calculated as
where E GB is total energy of a supercell containing GB, E fcc is energy of an Al atom calculated by dividing total energy of an Al fcc unit cell by the number of atoms in the fcc unit cell, 4, and n is the number of atoms in the supercell containing GB. Since there are two GBs in a supercell to satisfy three dimensional periodic boundary conditions, the numerator is divided by 2 as well as the area of GB plane, A. Local strain of an atom i, " i , was calculated as
where r ij is distance to an atom j, r eq is equilibrium interatomic distance between nearest neighbor atoms in fcc lattice obtained from a calculation for a fcc unitcell, and CN is coordination number of the atom i. Distance between dislocations at GB was calculated from the optimized lattice constant along y axis divided, which accords with the one calculated from Frank's equation. 22) All the structural optimizations were carried out under constant pressure, allowing lattice constants and shape of a supercell be optimized as well.
Results and Discussion
Low angle GB is often depicted as separated dislocations aligned on GB plane as is often seen in TEM micrographs, while high angle GB is typically composed of kite-shaped structural units on GB planes. Conventional dislocation theory is unable to describe the transition, if they are different, from dislocation-aligned low angle GB to high angle GB with kite-shaped structural units since distance between dislocations approaches dislocation core region as misorientation of neighboring grains increases or as distance between dislocations decreases. In order to properly deal with gradual transition from low angle GB to high angle GB as a result of the SPD processes, proper GB model needs to be determined, taking into account degrees of freedom of microscopic structural parameters of GB, in prior to systematic analysis of GB evolution through absorption of dislocations. Thus, as a first step, at fixed misorientation angle at . It is noted that CSL models has a degree of freedom in microscopic structural parameters perpendicularly to GB plane in superposition of pairs of atoms indicated by ellipses, while Glide model has a degree of freedom along GB plane in magnitude of shift of one of two grains with respect to the other, .
Local Atomic
28.1 , two GB models, CSL model and Glide model, were examined by changing microscopic structural parameters of respective models.
As mentioned in the previous section, CSL model has a microscopic degree of freedom perpendicular to a GB plane. As can be seen in Fig. 1(a) , atoms near the superposed atom on GB plane are positioned very close and the interatomic distance becomes larger with the distance from the superposed atom downward in the figure. It is easily expected that some of atoms positioned too close can be superposed and one of the two atoms is removed to relieve repulsion between these atoms and distance between two grains can be slightly changed by increasing or decreasing the number of superposed atoms on the first layer from the adjoining GB plane. If the translational symmetry by half the lattice constant along y axis is assumed, the number of candidates for superposition on the first layer is three for 2 ¼ 28:1 except for one atom just on the adjoining plane which is always superposed in this model. The number of candidates for GB with 2 ¼ 14:3 is seven as indicated by ellipses in Fig. 1(a) . In order to identify the most stable local atomic configuration for the CSL model with 2 ¼ 14:3 as a first step, calculations for the GB model of 2 ¼ 14:3 with seven possible superpositions in addition to the one without superposition were carried out. Here, pairs of atoms of which interatomic distance is shorter than that for the candidate pair are always superposed, and one of the two atoms is removed and remaining atom is placed at the center of the two original positions just to save computational time of structural optimization. This operation of the superposition is equivalent to changing kite-shaped structural units on GB plane or to determining the most stable local atomic coordinates at GB in grand canonical ensemble. Figure 2 (a) compares GB excess energy for various local atomic configurations within the CSL model. The number on the horizontal axis, m, indicates the number of superposed atoms per a GB in upper or lower half of the supercell including originally superposed atom. This number, m, is related to the shape of kite-shaped structural unit such that the symmetrical kite-shaped structural unit is formed by (20-2m) atoms. As seen in the figure, slight modification of local atomic configuration within CSL model leads to non-negligible change in GB excess energy. It is found that the GB is the most stable when m ¼ 7 or six-atom-membered kite-shaped structural units are formed on GB plane. Above or below the kite-shaped structural unit along y axis, all the atoms were positioned just on the GB plane. Additional calculations were done for the CSL model with 2 ¼ 28:1 to generalize this finding by changing local atomic configuration at GB within CSL model and it is found that local atomic configuration having the exactly same six-atom-membered kite-shaped structural units were the most stable among four configurations. It should be noted that, in the most stable local atomic configurations, the pairs of atoms that were originally separated more than equilibrium interatomic distance in fcc unit cell were superposed, implying that molecular dynamics using empirical potential may fail to predict the most stable configuration since the potential parameter set is determined such that interatomic force is exerted to place atoms at equilibrium distance. In the case of first principles calculations, force or energy is always accurate for whatever atomic configuration since it is determined a priori by charge distribution depending on a given atomic configuration.
A microscopic degree of freedom for Glide model is continuous while that for CSL model is discrete. In the case of Glide model, it can be determined by the magnitude of shift, , from the mirror configuration, i.e., the configuration when two grains are positioned in mirror symmetry with respect to GB plane. In order to determine the most stable local atomic configuration for the Glide models with 2 ¼ 14:3 , calculations were done with, in addition to the configuration in mirror symmetry, a several shift values,
where a is equilibrium lattice constant of fcc unit cell of Al, n is integer ranging from 1 to 17 for half the periodicity along y axis for 2 ¼ 14:3 . Figure 2 (b) compares GB excess energies for various magnitude of shift within Glide model with 2 ¼ 14:3 including that in mirror symmetry (n ¼ 18). It is found that energy change over many local atomic configurations is much smaller than in the case of CSL model except for the case in mirror symmetry and that GB excess energy, which can be translated to as the interaction energy between dislocations, is not a simple function of the shift. To supplement this finding, calculation for Glide model with 2 ¼ 28:1 was also done and similar but more generalized trend is found. This implies that dislocation at GB is rather mobile along GB plane even at high angle GB where distance between dislocation is much smaller than in low angle GB: It can be interpreted that dislocations can climb up or down along GB in reality, although such a phenomenon was not observed in static calculatons as those in this study. In other words, when a dislocation is absorbed to a GB and the GB is forced to increase its misorientation angle, dislocations at GB can change distance between them and accommodate themselves to minimize the GB excess energy, and vice versa. This is unpredictable by dislocation theory which is applicable when distance between dislocations is far longer. To finally determine local atomic configuration for a given misorientation, comparison between CSL model and Glide model with the most stable configurations needs to be made. Figures 3(a-1) and 3(b-1) show initial atomic configurations before structural optimization for CSL model and Glide model, respectively, both with 2 ¼ 28:1 , and Figs. 3(a-2) and 3(b-2) show optimized atomic configurations for the CSL model with the most stable configuration and the Glide model with one of the most stable configuration, respectively. Surprisingly, in spite of different initial configurations, one with visible dislocation and one with kite-shaped structural unit, optimized atomic configurations of both models are identical: Both models contain kite-shaped structural units instead of dislocations at GBs. This is also true for GB with different misorientation, 2 ¼ 14:3
. To examine in more detail, changes in GB excess energy upon structural optimization were examined, as shown in Fig. 4 . At the beginning, Glide model exhibits higher GB excess energy. Both GB excess energies decreased rather smoothly, without any significant drop in the energy, and they converged at the same values of GB excess energy. The energy decrease in CSL model upon structural optimization is simply due to small amount of adjustments of local atomic coordinates: General picture of kite-shaped structural unit is unchanged. Similar adjustment would take place in Glide model, and thus, we need to pay attention to energy difference between the two models. The rather smooth decrease in GB excess energy of Glide model indicates that distinct dislocations on GB in the Glide model were transformed into kite-shaped structural units only by small adjustments without noticeable energy barrier between them. Therefore, it can be inerpreted that the kite-shaped structural unit are also composed of dislocation, though it is not intuitive or readily be dissolved into dislocations, and it can be transformed backward into dislocations, when external stress is applied to GB, for example, meaning that the kite-shaped structural units can be regarded as dislocations.
Systematic calculation with respect to misorientation angle, from low angle GB to high angle GB, revealed the interaction energy between dislocations which are close or within dislocation core region. Figure 5 shows the interaction energy, calculated as GB excess energy, as a function of distance between dislocations in comparison with interaction energy among vertically aligned edge dislocations based on the dislocation theory. Interaction energy between two edge dislocations are given by 42) . A value of n or m for either model is 2 or 3, respectively. Six-atom-membered kite-shaped structural unit at GBs are indicated by distorted hexagons. It is noted that, in the case of Glide model, distinctive dislocations in the initial structure disappeared and converted into the kite-shaped structural units by slightly adjusting local atomic coordinates, though they look quite different. where is shear modulus, b is magnitude of Burgers vector, is Poisson Ratio, R is radius of a grain, and d is interdislocation distance. Assuming that grain size is 1 mm in radius, using experimental values, 43, 44) and taking into account that there are four dislocations per GB in the model used for computation, theoretical curve is obtained from eq. (4) as indicated by squares. Apparently, as distance between dislocations approaches dislocation core region, the interaction energy obtained by first principles calculations deviated from those for the dislocation theory and it converged at finite value when the distance approached zero. This blunting curve within the dislocation core region is an origin of the dislocation climb discussed above and an origin of the capability of GB to absorb dislocations to GBs with increasing misorientation angle during the SPD. Besides, this curve determines how much energy is needed to transform a low angle GB to a high angle GB or how much energy is converted from energy injected to system by the SPD to those stored at GBs. To quantify the increase in misorientation angle which is a microscopic process in grain subdivision, GB excess energy was derived with respect to misorientation angle and plotted as a function of misorientation angle in Fig. 6 . It is noted that derivation at high angle is less accurate than in low angle due to sparser data set for high angle GBs in terms of misorientation angle. As misorientation angle increases, the misorientation angle-derivative of the GB excess energy decreases, indicating that less energy is needed to increase misorientation angle at a high angle GB than in a low angle GB. This supports an experimental finding that at earlier stage of the SPD process misorientation of newly formed grains stays at low angle since greater energy is needed, and, as the number of SPD process cycles increases, gradual transition from a low angle GB to a high angle GB takes place without increasing nominal strain in the SPD process. In order to promote grain subdivision upon a given amount of nominal strain from exterior in SPD process, not only the magnitude of GB excess energy but also its gradient with respect to misorientation angle needs to be further decreased. This is one of the strategies for materials tailoring through the SPD obtained from the calculations in this study.
To further understand what is happening upon transition from a low angle GB to a high angle GB, local strain of atoms in the vicinity of GB was analyzed for all misorientation angles. Figure 7 shows spatial distribution of local strain of atoms for GBs with (a) 2 ¼ 7:2 , (b) 14.3 , (c) 18.9 , (d) 28.1
, and (e) 53.1 . As can be seen in the figure, local atomic strain spreads out from kite-shaped structural units and almost no strain is found on GB plane between the kiteshaped structural units when misorientation angle is low. The local atomic strain becomes more localized and distance between kite-shaped structural units becomes smaller with the increase of misorientation angle. As a result, it appears that of local strain per unit area of GB (unit length of GB in the two dimensional figure) increases with the increasing misorientation angle. This results in the increasing GB excess It should be noted that the energy curve obtained from first principles calculations is blunted at the dislocation core region while it diverged in the dislocation theory. Fig. 6 Misorientation angle-derived GB excess energy that indicates the energy converted from SPD process to transition from lower angle GBs to higher angle GBs. At low misorientation angle, the energy needed to increase the misorientation angle is larger and it gradually decreases with the increasing misorientation angle. , and (e) 53.1 . Local atomic strain spread out from kite-shaped structural units is more localized with increasing misorientation angle while the number of kite-shaped structural unit per unit area of GB increases with misorientation angle, resulting in increasing GB excess energy with misorientation angle but the magnitude of the increase is blunted.
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M. Yoshiya and H. Yoshizu energy with the misorientation angle and this determine the energy needed from the SPD process to promote transition from low angle GBs to high angle GBs, thereby storing energy injected by the SPD as local strain of atoms, discussed earlier by Fecht. 19) Although it is beyond the scope of the present study, from viewpoint of GB as a dislocation source or sink under external stress, it should be noted that GB is not uniform in that strain field present in the vicinity of GB is centered at the kite-shaped structural unit and thus special attention needs to be paid to estimate capability to absorb or release dislocations to or from GB, respectively: Assuming uniformity along GB in continuum matter model might lead to wrong results.
Conclusions
Systematic calculations of dislocation-accumulated GBs of Al were carried out by first-principles pseudopotential method. Investigating microscopic structural parameters of GBs in two models identified the most stable local atomic configurations for respective GB models and it is found that even if structural optimization was begun with Glide model having distinct dislocations on GB planes, optimized structure exhibited the kite-shaped structural units as in CSL model. Their energy profile upon structural optimization indicated that both models can be converted to each other by slightly modifying local atomic coordinates without any noticeable energy barrier. From systematic calculation for GBs with misorientations ranging from 5.7
to 53.1 , interaction energy between dislocations at GBs, including dislocation core region, was quantitatively evaluated and rather blunting curve at the core region was obtained. Finally, the energy needed to increase misorientation angle of a GB was quantitatively evaluated and local strain analysis showed that GBs are not uniform and local atomic strains is spread out from kite-shaped structural units of GBs.
